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statistician who wishes to make analytical studies of medical and hygienic 
data by modem statistical methods. 

1 Papers from the Department of Biometry and Vital Statistics, School of Hygiene and 
Public Health, Johns Hopkins University, No. 69. 

3 Pearl, R. Proc. Nat. Acad. Sci., 6, pp. 427-431, 1920. 

* Glover, J. W. United States Life Tables , igio. Bureau of the Census, 1916. 

4 Census of Iowa, 1915. Published by the Executive Council. 


THE THERMAL IONIZATION OF GASEOUS ELEMENTS AT HIGH 

TEMPERATURES 

A CONFIRMATION OF THE SAHA THEORY 

By Arthur A. Noyes and H. A. Wilson 

Gates Chemical Laboratory, California Institute of Technology, and Physics 
Laboratory of the Rice Institute 

Read before the Academy, April 25, 1922 

In a recent article Eggert 1 has shown that the ordinary thermodynamic 
expression for the effect of temperature on the equilibrium of chemical re¬ 
actions, when supplemented by assumptions as to the values of the special 
constants occurring in it, can be applied to the calculation of the extent 
to which under different conditions neutral atoms of the gaseous elements 
are converted into positive ions and free electrons. Saha 2 has shown 
that the most uncertain factor in Eggert’s formulation can be eliminated 
by introducing the ionization-potential of the element. He has then 
calculated the dissociation of the first electron from the atoms of many 
important elements, thus, the extent to which such reactions as Na = Na + 
+ E“ take place, where E” represents electron gas. He has tabulated the 
values of this percentage ionization at various temperatures and pressures; 
and he has especially pointed out the great significance which these con¬ 
siderations may have for the interpretation of the spectra of elements 
under solar and stellar conditions. 

These principles are of great interest to astrophysicists, as may be 
illustrated by the following applications. It has long been known that 
the solar prominences show strongly the hydrogen and helium lines and 
the enhanced (H and K) lines of calcium, but not the blue line of calcium 
nor the familiar lines of sodium or of other alkali elements. The re¬ 
markable absence of these lines had not been explained; but the thermo¬ 
dynamic relations now, show that the extremely small pressure combined 
with the high temperature of the prominences must greatly promote the 
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ionization of all elements, and may well suffice to convert the neutral 
calcium atoms into calcium ions, which produce the H and K lines; and 
also to convert completely the neutral sodium atoms, to which the D 
lines are due, into sodium ions, which do not yield strong lines in the 
visible spectrum. A second interesting application of Saha’s equations 
has been made by Russell, 3 who was led to the discovery of rubidium in 
sun spots by the considerations that the absence of its lines in the general 
solar spectrum is probably due to the complete conversion by the high 
temperature there prevailing of the neutral rubidium atoms (which pro¬ 
duce the characteristic lines of the element) into rubidium ions (Rb + ), and 
that at the lower temperature prevailing in sun spots this conversion 
might well be only partial. 

The thermodynamic expressions may first be presented which are ap¬ 
plicable to a reaction of the type under consideration, by which the neutral 
atoms of a gaseous elementary substance M are converted into positive 
ions and electrons in accordance with the chemical equation M = M + + 
E“. At any definite temperature the equilibrium-constant K of such a 
reaction is expressed in terms of the partial pressures, p M , Pm + > Pe-> of 
the three substances, regarded as perfect gases, by the following equations: 

pM * pB ~ = K (l) _y?p_ = K 

Pm 1 — * 

Unlike the first equation, which is general, the second equation, in which 
x represents the fraction ionized and p the sum of the pressures p M and 
p M + , is valid only when p M + = Pe-\ that is, only when electrons do not 
originate from any other source, as from the presence of another ionizing 
element or from thermionic causes. 

The second law of thermodynamics leads to a simple expression for the 
change of this ionization constant K with the temperature, in the case where 
the heat-content-increase A H attending the reaction can be expressed as a 
linear function of the absolute temperature T y thus by the formula A H = 
A H 0 + TAC P> where A H 0 is an empirical constant and A C P is the in¬ 
crease in the heat-capacity at constant pressure that results from the oc¬ 
currence of the reaction. The second law leads, namely, to the following 
equations, in which R is the gas-constant (1.985 calories per degree), and 
I is the integration-constant resulting from the integration of equation (3). 

dlnK = AHo + TACp dT. (3) 

RT 2 

InK = -NLl + J +—. ( 4 ) 

RT R R 
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Now Saha introduces the following assumptions as to the quantities oc¬ 
curring in this equation: 

(1) That the energy increase attending the ionization of a single mole¬ 
cule is equal to the electrical work Ve that must be expended in order to 
give to an electron a kinetic energy which just suffices to ionize an atom 
of the element with which it collides; e being the charge on the electron 
and V the ionization-potential, which last may be determined by direct 
measurement or computed from the spectral series of the element. 

(2) That the heat-capacities of the neutral atom M and its ion M + are 
equal, and that the heat-capacity of electron gas is the same as that of any 
other monatomic gas, namely, 2.5 R per mol of the gas. 

(3) That the constantJ, which is the sum Im+ + Ie- — Im> of constants 
characteristic of the three substances (the positive ion, the electron, and 
the neutral atom), can be evaluated by assuming I M + = Im and by cal¬ 
culating I E -> the constant for electron gas, by a theoretical principle that 
has been shown applicable to ordinary monatomic gases, 4 which need not 
be here described. 

These considerations lead to the following values of the constants oc¬ 
curring in equation (4) : 


A H 0 _NeV 


R 


-_ 96500 ^ _ 1162 5 V; —= 2.5; -=-15.10. 

R 8.316 R R 


Substituting these values in equation (4) and changing from natural to 
ordinary logarithms, we get 


log K = - 504 ^ - + 2.5 log T - 6.56. (5) 


By this equation the ionization-constant K of an element at any abso¬ 
lute temperature T can evidently be calculated from its ionization-poten¬ 
tial V (in volts); and from this ionization-constant its actual ionization can 
then be found by equation (1) or (2). 

The main purpose now of this paper (of which a much more complete 
form will soon appear in the Journal of the American Chemical Society 
and the Astrophysical Journal) is to point out that the earlier investiga¬ 
tion of Arrhenius, 5 and especially the more recent researches of H. A. Wil¬ 
son, 6 on the electrical conductivity of flames into which salt solutions are 
sprayed clearly indicate that the conduction arises from an ionization 
process of the type here considered, and that these measurements make 
possible a computation of the relative magnitudes of the ionization- 
constants. Thus the experiments of these investigators have established 
the following facts. 

1. The conductance of the flame is independent of the acidic constituent 
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of the salt; thus it is the same for the chloride and carbonate of any given 
alkali element. This is in accord with the assumption that these salts are 
completely decomposed in the way expressed by the chemical equations 
2 MCI = 2 M + Cl 2 , or M 2 C0 3 = 2 M + C0 2 + y 2 0 2 , and that the 
conductance is due to ionization of the metallic element M which is common 
to its various salts. 

2. The conductance changes with the concentration of any given salt 
and in mixtures of salts in the way required by equations (1) and (2), 
showing that the ions result from an ionization process in which one mole¬ 
cule dissociates into two others, as is the case in the reaction M = M + 
+ E“, where E~ denotes electron gas. 

3. There is present in the flames both positive and negative carriers, but 
the mobility of the latter has been shown to be roughly 2500 times as 
great as that of the former, clearly indicating that the negative carriers 
are electrons and that substantially the whole conductance is due to 
them. 

From the way in which the conductance changes with the concentration 
it was found possible by a mathematical process that need not be here de¬ 
scribed to calculate under the above stated assumptions relative values of 
the ionization constants K of the five alkali elements whose salts were in¬ 
vestigated by H. A. Wilson. These relative values could then be compared 
with the absolute values calculated from the ionization-potentials by the 
thermodynamic equation (equation 5 given above). The results are 
reproduced in the following table. 

TABLE 1 

Values of the Ionization-Constant (10 12 K) at 2000° Absolute 



Cs 

Rb 

K 

Na 

hi 

From flame conductances. 

. 3500 

780 

430 

5.6 

0.8 

From ionization-potentials. 

. 8200 

1600 

620 

6.2 

1.4 

It will be seen that the ratios of the values for the successive elements run 


closely parallel to each other in the two series. Especially noteworthy is 
the very large change in both series in passing from sodium to potassium, 
and the much smaller differences between the other elements. 

As stated above, the flame conductance data lead only to relative values 
of the ionization-constants; and the values given in the preceding table 
would contain an arbitrary multiplying factor if they were based on those 
data alone. It was found possible, however, by combining with the con¬ 
ductance data the results of previous rough determinations of the mobility 
of the electrons 7 and of the number of them per cubic centimeter 8 in entirely 
similar flames free from salt, to obtain absolute values of the ionization 
constants; and these are the numbers that are recorded in the first row 
of the above table. Although they afford an estimate only of the order 
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of magnitude of the constants, yet they are seen to correspond well with 
the values calculated by the thermodynamic equation. 

The results here presented therefore afford a striking confirmation of the 
general validity of the calculation of the ionization of elements from their 
ionization-potentials by the thermodynamic equation employed by Saha. 

1 Eggert, Physik. Zs., 20, 570, 1919. 

2 Saha, Phil. Mag., 40 , 478, 809, 1909 ; 41 , 267, 1921. 

3 Russell, Astrophys. J., 55, 129, 1922. 

4 Sackur, Ann. Physik., 36 , 598, 1911; 40 , 67, 1913; Tetrode, Ibid., 38 , 434; 39 , 255, 
1912; Stern, Zs. Electrochem., 25 , 66-80, 1919; Tolman, J. Amer. Chem. Soc., 42 , 1185, 
1920; 43 , 1593, 1921; Lewis, Physic Rev., 18 , 121, 1921. 

5 Arrhenius, Wied. Ann. Phys., 43, 18, 1891. 

6 H. A. Wilson, Phil. Trans. Royal Soc., A216, 63-90, 1915. 

7 H. A. Wilson, Phil. Mag., (6) 10 , 475, 1905. 

8 Wilson and Gold, Phil. Mag., (6) 11, 484, 1906. 


AN ELECTRON THEORY OF ELECTRIC CONDUCTION IN METALS 

By Edwin H. Hall 

Jefferson Physical Laboratory, Harvard University 
Communicated, September 5, 1922 

This is a modification and extension of the dual conception of conduction 
which I set forth in a paper 1 printed several years ago and to which I have 
referred in more recent publications. The theory in its present shape, 
like every other theory of metallic conduction with which I am acquainted, 
involves propositions that may well be questioned, but it contains certain 
features not present, so far as I know, in other theories, and I hope these 
will be found worthy of consideration, even if they are finally to be rejected. 

I shall endeavor to state this theory, without extended argument, in 
the form of certain propositions, some of which are or involve outright 
assumptions. Any helpful hypothesis, not in conflict with well estab¬ 
lished facts or principles, I have considered justifiable, in view of the 
difficulties of the problem with which I am dealing. 

Behavior of the Ions in Conduction 

1. Complete metal atoms are of such hardness and symmetry that 
they are not subject to appreciable polarization or orientation in impressed 
electric fields of ordinary strength. 

2. An ion is formed from an atom by loss of an electron from the outer 
shell and is, accordingly, unsymmetrical, essentially polarized, and there¬ 
for subject to orientation in a uniform electric field such as may be ap- 



